Radioactive liquid wastes containing large amounts of nitric acid (approx. 4-7 M) generated in the nuclear fuel cycle are very undesirable by-products. Denitration of highly acidic radioactive liquid wastes with organic reducing agents has several advantages, such as a significant pH increase, possibility of separation of radioisotopes which can be utilized in other technologies, reduction of volatility of radioisotopes and fixation of certain mono-and divalent radioisotopes with zeolite. In the present work some aspects of denitration of simulated radioactive liquid wastes at laboratory level were investigated. Denitration of HNO 3 with formic acid was investigated for different [HCOOH]/[HNO 3 ] ratios. The changes in the induction time, pH increase and volume reduction were determined. It was shown that by the denitration of simulated radioactive liquid waste high pH values could be achieved which in real systems would create more possibilities in radioactive waste management. Analysis of solid phases formed after the oxidation of excess HCOOH with H 2 O 2 showed the presence of amorphous fraction as well as goethite and hematite phases, which could remove different radioactive cations from the liquid phase. The immobilization of simulated solid radioactive waste with borosilicate glass matrix was also shown.
Introduction
Radioactive liquid waste containing a large amount of nitric acid as generated in the nuclear fuel cycle is a very undesirable by-product. For example, high-level radioactive liquid waste and medium-level radioactive liquid waste originating from the reprocessing of irradiated nuclear fuel are strongly acidic due to the presence of nitric acid. There are several strong reasons for the application of chemical denitration in the treatment of radioactive liquid wastes.
Partial denitration with organic reducing agents of highlevel radioactive liquid wastes stored in steel tanks for many years has been utilized to reduce the corrosion of steel tanks and to minimize the volume of radioactive liquids. The pH increase of these liquid wastes using neutralization with sodium hydroxide (NaOH) is not convenient because of the increased Na + content. Since acidity decreases during chemical denitration, this is the main reason for a decrease in the corrosion rate. Gaseous reaction products formed in this process can be safely removed.
Another very important reason for the application of chemical denitration of high-level radioactive liquid waste is a drastic reduction of radioactive ruthenium volatilization into the off-gas system. It is known that the initial content of nitrates affects the volatilization of radioactive ruthenium in the process of radioactive waste vitrification. Radioactive ruthenium in the chemical form of RuO 4 is primarily responsible for its volatility. Under the chemical conditions created by the organic reducing agents the volatile RuO 4 is reduced to non volatile RuO 2 . Ito and Kanno [1] investigated the effect of denitration on coprecipitation and volatilization of ruthenium and technetium. Formic acid (HCOOH) was used as a reducing agent. An almost quantitative coprecipitation for RuNO 3+ was obtained at the molar ratio [HCOOH]∕[NO − 3 ] from 1.2 to 1.3. The coprecipitation of RuNO 3+ decreased drastically with an increase of the molar ratio [HCOOH]∕[NO − 3 ] above 1.5, which was attributed to the formation of RuNO 3+ formate complexes. The quantitative coprecipitation was also obtained upon the neutralization of simulated HRLW with NaOH to pH 8, due to the formation of RuNO(OH) 3 . Technetium coprecipitated quantitatively at the molar ratio [HCOOH] [NO − 3 ] higher than 1.8. It was assumed that Fe 2+ ions formed in the process of chemical denitration were responsible for the TcO − 4 reduction. Technetium in the TcO − 4 form did not coprecipitate with zirconium(IV) hydroxide. Nakamura et al. [2] investigated the effect of Pt-group elements on the denitration of simulated high-level radioactive liquid waste with formic acid. Kondo and Kubota [3] investigated the precipitation of Ptgroup metals from the simulated high-level radioactive liquid waste with the aim of their extraction. Almost all of Pd precipitated in the denitration process with formic acid at pH 3, whereas 98% of Ru and Rh precipitated at pH above 6.5. Shirahashi and Kubota [4] investigated the precipitation behaviour of Pu, Np and Am during the denitration of simulated high-level radioactive liquid waste with formic acid, followed by the dissolution of the precipitate with oxalic acid in order to recover these transuranic elements from the precipitate. A high extraction percentage of Pu was obtained.
Medium-level radioactive liquid wastes are also produced at various stages in the nuclear fuel reprocessing plant and many wastes contain a significant amount of nitrates. Generally, nitrates make problems during the immobilization of this radioactive waste with the bitumen or plastic matrix. Nitrates in an organic matrix can present a fire hazard due to a possible uncontrolled exothermic reaction. Nitrates and hydrocarbons may violently react and this reaction can be enhanced by the catalytic activity of certain trace constituents such as noble metals.
Researchers were also focused on electrochemical denitration. The most important advantage of electrochemical denitration is its high efficiency. However, there are many problems which must be solved before the application of electrochemical denitration in practice. For instance, there are problems of electrode corrosion, precipitation onto electrodes, etc. Platinum, titanium, silver and graphite have been tested as cathode materials, while platinum or platinum coated tantalum were used as anode materials.
A biological reduction of nitrates and nitrites has been mainly used for the treatment of wastewater in food industry. The process of biological reduction of nitrates and nitrites also takes place in soil, due to the activity of various strains of anaerobic bacteria responsible for recycling nitrogen compounds into molecular nitrogen. With some modifications this process can be applied to the reduction of nitrates which are present in low-level wastewater from nuclear facilities [5, 6] . The reaction requires a carbon source, for instance, acetates or alcohols. The rate of nitrate reduction is dependent on the type of carbon substrate as well as on the operating parameters such as pH and temperature. For the biological reduction of nitrates and nitrites the term "denitrification" is often used in literature instead of "denitration".
Contemporary nuclear industry takes full responsibility for the safe treatment of all radioactive wastes generated in the nuclear fuel cycle. Various technological solutions in the treatment of radioactive liquid wastes and their immobilization were proposed and some of them already utilized in practice. In this sense we are focused on the chemical denitration of radioactive wastes with organic reducing agents. The use of simulated radioactive waste solutions (suspensions) is convenient at the laboratory level investigation and later on the positive results can be transferred to the real systems.
The aim of the present work was to obtain additional information about the factors which influence the process of denitration of simulated radioactive waste with formic acid. Denitration of high-level radioactive liquid waste by simply measuring the pH changes is a very simple and effective way to monitor the degradation of nitrates present in simulated radioactive liquids. The present work was also aimed at the preparation of solid radioactive material for immobilization by vitrification and due to the increased pH at enabling the fixation of some radioisotopes, for example 134, 137 Cs and 90 Sr with zeolite carriers. Generally, it is known that zeolites are dissolving in highly acidic conditions and for this reason are not applicable for the fixation of radioisotopes in highly acidic conditions. The immobilization of simulated solid radioactive waste with the borosilicate matrix will also be shown.
Experimental

Denitration experiment
AR grade chemicals and twice distilled water were used for the preparation of solutions (suspensions). The denitration of solutions which did not yield the precipitates could be performed in static conditions. On the other hand, the dynamic conditions were required during the denitration of simulated radioactive liquids yielding the precipitate (solid phase). In this case the reaction cell was made of glass and fitted with four inlet necks. Two reflux condensers cooled with water were mounted into the reaction cell. The isolation between the reaction cell and stirrer was achieved with a specially designed adapter filled with silicon oil. The temperature of oil bath was adjusted at 110 °C. When the denitration reaction was stopped the excess of formic acid was oxidized with a 35% H 2 O 2 solution. It ought to be mentioned here that the addition of formic acid during the denitration as well as addition of 35% H 2 O 2 must be performed carefully, because an abrupt adding of formic acid and H 2 O 2 can lead to explosion. The precipitate produced in the denitration process was separated by centrifugation and dried under vacuum.
Simulated waste oxides WO1 and WO2 were prepared as follows. The 2.5 M NaOH solution was added under mixing into a corresponding nitrate salts solution up to the pH 10.5. Then the precipitates were separated from the liquid phase, washed and dried at 105 °C. Dried precipitates were calcined and thus obtained oxide powders were mixed with the corresponding borosilicate glass and melted.
Instrumentation
pH changes were monitored using a pH-meter and electrodes manufactured by Radiometer.
XRD patterns were recorded by the diffractometer APD 2000 manufactured by ItalStructures. (G.N.R. S.r.l., Novara, Italy). XRD patterns were additionally recorded using a Philips MPD1880 diffractometer. 57 Fe Mössbauer spectra were recorded using a spectrometer manufactured by WissEl GmbH (Starnberg, Germany). 57 Co in the Rh matrix was used as a source of 14.4 keV gamma rays. The instrument was calibrated with α-Fe. The measured spectra were evaluated using the MossWinn computer program.
FT-IR spectra were recorded using the Bruker Tensor II spectrometer with an attached ATR unit. Figure 1a indicates a significant reduction in the induction time with an increased initial concentration of HNO 3 . At very high HNO 3 concentrations the evolution of gaseous products starts almost immediately. The formation of aerosols is very pronounced at the beginning of the denitration process and specifically during the oxidation of HCOOH with H 2 O 2 . The induction time is an important parameter in view of safety reasons. A delayed start of the chemical denitration of simulated or actual high-level radioactive liquid waste causes a sudden high release of heat, gaseous products and aerosols, which can overload the condenser and also generate foaming and pressure buildup. In chemical sense, the presence of nitrates affects the induction time [7] . Induction time can be related to the time needed for nitrous acid to reach a threshold concentration 10 −1 to 10 −2 M HNO 2 . Due to this fact it is possible to shorten or even eliminate induction time by adding NaNO 2 into the reaction mixture. On the other hand, the presence of nitrous scavengers in the reaction mixture, for instance sulphuric acid or hydrazine may considerably increase the induction time. Figure 1b shows pH values measured before and after H 2 O 2 addition. Upon the denitration of 5 M HNO 3 and oxidation of HCOOH with H 2 O 2 the pH 1.63 was measured. Figure 1c shows a significant reduction in the total reaction mixture volume. An almost linear reduction of the total volume with the increased HNO 3 concentration was noticed. Since the denitration reactions become more vigorous with the increase in the HNO 3 concentration, the evolution of gaseous products is also accompanied with a strong release of aerosols. Final pH depended, but not significantly, on the direction of adding the reacting components, HNO 3 to HCOOH or HCOOH to HNO 3 Various nitrogen oxides, carbon oxides and molecular nitrogen are the gaseous products of chemical reactions during the denitration of nitric acid with formic acid. Nitrogen exhibits several valence states and for this reason the nature of gaseous products, as well as their distribution can considerably vary in dependence on the operating conditions. The denitration of nitric acid with formic acid can be illustrated with the following chemical reactions:
Results and discussion
When excess formic acid is used the following reactions may be predominant:
large excess of HCOOH Nitrogen oxides NO, NO 2 and N 2 O can be converted to N 2 with the corresponding catalysts in the off-gas system. The mechanism of denitration reactions is actually much more complex than the above chemical reactions might suggest [7] [8] [9] [10] [11] [12] . Some other organic reducing agents can also be used in denitration, for example formaldehyde, alcohols, diethyl oxalate or sugars. Sucrose is a reducing agent for denitration and this reaction can be described with the following equation:
However, the application of sucrose in denitration of radioactive liquid waste is not desirable for safety reasons. Figure 3 shows the results of denitration of reaction mixtures 1 M HNO 3 + 1 M to 4.89 M NaNO 3 using formic acid as a reducing agent. The induction time shortens rapidly with an increased total amount of nitrates. Upon adding 35% H 2 O 2 to the denitration mixture, HNO 3 + NaNO 3 , a very high pH rise was measured. Hydrogen peroxide was added when the pH of the solution did not change significantly with a prolonged heating time. In these experiments the metal (radioisotope) ions which were present in high-level radioactive liquid waste were substituted by Na + ions. Here we must keep in mind that this Na + substitution for metal ions (radioisotopes) in the real high-level radioactive liquid waste is only approximate due to their much lower alkalinity in relation to sodium ions. Figure 4 shows pH changes during the denitration of 4 M HNO 3 with formic acid at the ratio [HCOOH]/[HNO 3 ] = 2.1. This denitration system contained ruthenium added as hydrous RuO 2 ("soluble" form). Upon 32 h of denitration an abrupt rise in pH was noticed. A pronounced catalytic effect is also obtained when RuNO(NO 3 ) 3 was added to the denitration solution (suspension). Fletcher et al. [13] investigated different nitrato and nitro complexes of RuNO 3+ . With a pH increase the hydroxyl groups exchange with nitrates forming RuNO(NO 3 ) x (OH) 3−x ·yH 2 O. During the denitration of HNO 3 with HCOOH different RuNO 3+ formate complexes form [14] . These formate complexes can be destroyed with H 2 O 2 . Table 1 shows the chemical composition of a mixture of metal nitrate salts in 2 M HNO 3 . Chemical and concentration composition of these mixtures is determined so that a continuous precipitation of metal hydrous oxides can be monitored with a pH increase during the denitration. The measured pH values before and after H 2 O 2 addition are shown in Fig. 5 . From this figure it is visible that the final pH values were highest for the concentration ratio [HCOOH]/[HNO 3 ] = 2. Table 2 shows the composition of simulated high-level radioactive liquid waste containing also hydrous ruthenium oxide ("soluble" RuO 2 ) which is shown to be an excellent catalyst for denitration reactions with formic acid. In the denitration process there is a synergistic effect of the Ru, Rh and Pd ions. In the present work it was found that the best concentration ratio [HCOOH]/[HNO 3 ] = 2-2.2. Figure 6 shows the dependence of pH on the denitration time measured for simulated high-level radioactive liquid waste. In this experiment the starting ratio [HCOOH]/[HNO 3 ] = 3 was used for practical reasons, because during the denitration of real HRLW the catalytic and radiolytic decomposition of formic acid also occurs. Figure 6 shows that pH in this precipitation system can be increased to near neutral values. With increased pH values there are continuous precipitations of metal (radioisotope) cations in dependence on their oxidation state and other chemical properties. In such a way it is possible to separate monovalent and multivalent radioisotopes from the solution phase, for example, radioactive 134, 137 Cs and 90 Sr with zeolite carriers. Upon adding of H 2 O 2 the reduced iron cations (Fe 2+ ) are reoxidized to Fe 3+ . XRD and 57 Fe Mössbauer analysis showed that Fe 3+ cations precipitate mainly as amorphous fractions, goethite (α-FeOOH) as well as hematite (α-Fe 2 O 3 ). These phases additionally adsorbed many other radioisotope cations during the denitration process. Musić et al. [15] [16] [17] [18] [19] [20] radiochemically investigated the adsorption/desorption of small amounts (traces) of different metal cations labelled with corresponding radioisotopes. The effects of pH, the time of adsorption and aging of fresh (hydrous)oxide adsorbents as well as the presence of various complexing agents were determined. The obtained results can be correlated with the adsorption of multivalent cations (radioisotopes) on the solid phase produced in the denitration process. The radioactive solid produced by the denitration of highlevel or medium-level radioactive waste can be immobilized using different host materials. Many materials were investigated as a suitable matrix for immobilization of these types of radioactive wastes, and with time the glass matrix was selected as the most important. However, in specific cases some other matrices can be considered. Table 3 shows several compositions of the borosilicate matrix for the immobilization of highly radioactive liquid waste. A simple sodium borosilicate glass proposed by UKAEA (Harwell) can be modified by oxides such as CaO, ZnO, Al 2 O 3 , TiO 2 as well as other oxides to improve the durability of the glass matrix, lower the corrosion rate and the release of radioisotopes into the biosphere if the nuclear waste glass comes in contact with water, etc. Corrosion of simulated nuclear waste glasses was reported by Musić et al. [21] .
In the present work two glass matrices (BS62 and BS39a; Table 4 ) containing simulated waste oxides (WO1 and WO2; Table 5 ) were prepared. XRD patterns of these two glasses are shown in Fig. 7 . Glass BS62, containing 9 wt% WO1, showed a predominantly amorphous nature. Several diffraction lines also appeared which can be assigned to the crystalline spinel phase. Taking into account the chemical composition of the glass BS62 the presence of the following spinel phases, Fe 3 O 4 , FeCr 2 O 4 , NiCrMnO 4 and NiMn 2 O 4 , was considered. The highest probability (97.8%) was obtained for NiMn 2 O 4 composition. XRD pattern of the glass BS39a, containing 3 wt% WO2, showed the amorphous nature of the sample and only one weak XRD line at about 2Θ ≈ 35° which in accordance with previous discussion can be assigned to the presence of a spinel phase in traces. 57 Fe Mössbauer spectra at RT of samples BS62 and BS39a showed the superposition of two quadrupole doublets corresponding to Fe 3+ and Fe 2+ (Fig. 8 ). Mössbauer 3 1.6 × 10 −1 AgNO 3 2.0 × 10 −2 La(NO 3 ) 3 2.4 × 10 −1 Na 2 MoO 4 9.9 × 10 −2 Ce(NO 3 ) 3 5.1 × 10 −2 Na 2 SeO 3 1.1 × 10 −3 Pr(NO 3 ) 3 2.3 × 10 −2 Na 2 TeO 3 1.2 × 10 −2 Sm(NO 3 ) 3 1.4 × 10 −2 Na 2 HPO 4 1.1 × 10 −1 Eu(NO 3 ) 3 3.0 × 10 −3 HNO 3 4.0 Taragin and Eisenstein [22] investigated the Mössbauer effect in some complex borosilicate glasses and concluded that Fe 3+ ions are present in tetrahedral environment, whereas Fe 2+ ions showed widely varying electric field gradients. Eremyashev and Mironov [23] also used Mössbauer -20  3 c  38  22  -8  12  -20  4 d  42  8  2  16  4  8  20  5 e  40  15  10  10  --25  6 e  30  15  10  10  10  -25  7 e  42  8  -8  14  8 20 FT-IR spectra of samples BS62 and BS39a are shown in Fig. 9 . The spectrum of sample BS62 is characterized with an IR band at 1387 cm −1 , a shoulder at 1212 cm −1 , a very strong and broad band with shoulders at 1005 and 920 cm −1 as well as the IR bands at 720 and 477 cm −1 . The IR bands at 1387 and 720 cm −1 can be related to stretching and bending vibrations of B-O bond in BO 3 triangles. The relative intensity of these IR bands increases with decrease of BO 4 fraction and this effect can be related to increased concentration of iron in borosilicate glass matrix. The shoulder at 1212 cm −1 can be considered as the bond stretching vibration of the boron sublattice against oxygen sublattice. A very strong central part of the FT-IR spectrum with shoulders at 1005 and 920 cm −1 can be assigned to the vibrations of Si-O and B-O bonds in tetrahedrally coordinated [SiO 4 ] and [BiO 4 ] units. A strong IR band centred at 477 cm −1 can be considered as superposition of several vibration bands such as bending vibrations within SiO 4 and between SiO 4 tetrahedra as well as the vibrations of specific metal cations immobilized in borosilicate glass matrix by making the bond with oxygen. The spectrum of sample BS39a is typical of borosilicate glass and characterized with an IR band at 1405 cm −1 with a shoulder, a very strong and broad band with shoulders at 1062 and 890 cm −1 , a shoulder at 710 cm −1 and an IR band at 463 cm −1 . The interpretations of the borosilicate glass structure based on infrared spectroscopy are given in reference literature [26] [27] [28] [29] [30] . 
Conclusion
Denitration of high-or medium-radioactive liquid wastes containing high amounts of nitrates is a step which helps in the immobilization of these wastes, for example with the glass matrix. In the present work the denitration of HNO 3 with formic acid (HCOOH) at different concentration ratios as well as the denitration of simulated high-level radioactive liquid waste were monitored. This monitoring involved measuring of the change in induction time, pH rise and volume reduction in dependence on the chemical composition of the solutions. The best concentration ratio [HCOOH]/ [HNO 3 ] = 2-2.2 for denitration was determined. High pH values can be obtained by the denitration of simulated (or actual) radioactive liquid wastes which makes it possible to separate some monovalent and divalent metal cations or radioisotopes, for example 134, 137 Cs and 90 Sr, with zeolite. XRD analysis of the precipitates formed by the denitration and decomposition of excess formic acid and formatoligands showed the presence of the amorphous fraction, goethite and hematite phases. These phases contained the incorporated different multivalent cations (radioisotopes). Within the frame of present work the simulated waste oxides were incorporated into two borosilicate matrices. Their structural properties were investigated with XRD, Mössbauer and FT-IR spectroscopies.
